During the 2011 special observing period of the Dynamics of the Madden-Julian Oscillation (DYNAMO) field experiment, two sounding arrays were established over the central Indian Ocean, one north and one south of the equator, referred to here as the NSA and SSA, respectively. Three-hourly soundings from these arrays augmented by observations of radiation and rainfall are used to investigate the diurnal cycle of ITCZ convection during the MJO suppressed phase. During the first half of October, when convection was suppressed over the NSA but prominent over the SSA, the circulation over the sounding arrays could be characterized as a local Hadley cell. Strong rising motion was present within the ITCZ extending across the SSA with compensating subsidence over the NSA. A prominent diurnal pulsing of this cell was observed, impacting conditions on both sides of the equator, with the cell running strongest in the early morning hours (0500-0800 LT) and notably weakening later in the day (1700-2000 LT). The declining daytime subsidence over the NSA may have assisted the moistening of the low to midtroposphere there during the pre-onset stage of the MJO. Apparent heating Q 1 within the ITCZ exhibited a diurnal evolution from early morning bottom-heavy profiles to weaker daytime top-heavy profiles, indicating a progression from convective to stratiform precipitation. Making use of the weak temperature gradient approximation, results suggest that both horizontal radiative heating gradients and direct cloud radiative forcing have an important influence on diurnal variations of vertical motion and convection within the ITCZ.
Introduction
The diurnal cycle is a fundamental mode of the circulation and precipitation variability in the tropics. While its characteristics and governing mechanisms over land and coastal regions have been extensively studied and are well understood, the same cannot be said for over the open ocean, where the paucity of observations has limited our ability to fully describe and understand it. Making creative use of surface observations (e.g., COADS, buoy, and scatterometer winds), several studies have examined its structure over the tropical oceans on seasonal to annual time scales (e.g., Deser and Smith 1998; Dai and Deser 1999; Gille et al. 2003) . A consistent pattern has emerged from these studies, in which surface divergence in regions of large-scale subsidence is a maximum (minimum) in the morning (evening) hours. This diurnally varying circulation is compatible with an early morning rainfall maximum in adjacent regions of deep convection and associated overturning circulation in response to cloud-radiative feedbacks (Gray and Jacobson 1977, hereafter GJ77; Randall et al. 1991 ). Yet, because of a lack of in situ observations, very few studies have examined the modulation of large-scale overturning circulation by diurnally varying organized deep convection. This study addresses this gap. Nicholls (2015) gives a detailed review of the three main proposed mechanisms by which radiation affects organized oceanic convective systems. The ''convergence/ differential radiation'' mechanism was originally proposed by GJ77, based on their observation that rainfall in oceanic deep tropical convection is 2-3 times heavier in the early morning hours than in the late afternoon and evening. This mechanism operates as follows: at night radiative cooling is strong in the clear environment adjacent to regions of disturbed weather, where smaller net cooling occurs. This results in enhanced subsidence in the clear region and low-level convergence into convective regions, and during the day, differential heating between clear and cloudy areas is reduced, leading to weaker convection. A second mechanism, based on the modeling work of Dudhia (1989) and Tao et al. (1996) , emphasizes the role of large-scale radiative cooling in increasing rainfall by raising the environmental relative humidity. The third mechanism is referred to as ''direct radiative-convective interaction,'' or simply, the lapserate mechanism (Kraus 1963; Randall et al. 1991; Xu and Randall 1995) . According to this mechanism, the absorption of shortwave radiation preferentially near cloud top stabilizes the column, in turn suppressing convection during the daytime, while longwave cooling from cloud tops acting alone at night leads to increased lapse rates and rainfall.
Several past studies have explored the diurnal cycle of vertical motion and convection over the open oceans using field campaign upper-air datasets. These studies, spanning a broad spectrum of geographical locations and convective regimes, are briefly summarized in Table 1 . 1 The diurnal characteristics of the diagnosed fields vary greatly among the various regions. For example, within the western Atlantic trade-wind regime, Nitta and Esbensen (1974) found that during an undisturbed period in BOMEX, the subsidence field, which peaked near the trade-wind inversion top (;800 hPa), had a diurnal amplitude of ;2 hPa h 21 with a subsidence maximum (minimum) at 0800 LT (2000 LT). A smaller diurnal amplitude (;0.8 hPa h 21 ) was observed in the stratocumulus transition zone of ASTEX with peak subsidence at 2200 LT being nearly out of phase with that found in BOMEX ). On the other hand, the deep convective environment of GATE showed an afternoon convective maximum (Albright et al. 1981) , while in TOGA COARE the diurnal peak in convection varied depending on the convective regime (Chen and Houze 1997; Sui et al. 1997) , with an afternoon peak in suppressed conditions and a late night to early morning peak in disturbed periods. Collectively, these studies reveal a spatial complexity to the diurnal cycle and suggest a variety of processes that influence it. Observational studies of intertropical convergence zone (ITCZ) convection over the oceans have generally used satellite data and reanalysis products to characterize its behavior. For example, Waliser and Gautier (1993) used two decades of global infrared and visible satellite products to document the seasonal, annual, and interannual variability of the ITCZ. Using 23 years of European Centre for Medium-Range Weather Forecasts (ECMWF) reanalyses, Magnusdottir and Wang (2008) examined the synoptic-scale variability of vorticity within several ITCZ regions and found that their composite structure over the eastern and central Pacific builds westward and tilts cyclonically in the latitudinal direction with time. Employing a statistical method that objectively diagnoses regions of organized ITCZ convection over the eastern Pacific using 3-h satellite data, Bain et al. (2010 Bain et al. ( , 2011 found a diurnal pulsing in TABLE 1. Summary of studies that used tropical/subtropical field program sounding datasets to examine the diurnal cycle of diagnosed atmospheric fields over the ocean. The last two columns list various attributes of the vertical motion field (e.g., its mean and diurnal amplitude defined here as the peak to peak difference, the vertical location of peak amplitude and diurnal variation, and the LT of peak anomalous subsidence). Note that for TOGA COARE the diurnal characteristics listed here are for convectively disturbed periods. (Yoneyama et al. 2013; Zhang et al. 2013; . One of the unexpected findings from DYNAMO was that ITCZ convection was present over the Southern Hemisphere IO during the pre-onset (or suppressed) stage leading up to both the October and November MJO events, and then shifted northward to the equator during the MJO convectively active phases (Johnson and Ciesielski 2013; Yoneyama et al. 2013; Kerns and Chen 2014) . Later studies have shown that ITCZ convection in the IO region is quite common. Using TRMM rainfall products over the 16-yr period from 1998 to 2013, Sodowsky (2016) and Zhang and Sodowsky (2016) identified 205 ITCZ events lasting 2 days or longer over the IO region (608-908E) and 99 MJOs. These studies showed that the majority of these MJOs (;55%) initiated within 2 weeks of a preceding IO ITCZ. These investigators hypothesized that the ITCZ can serve as a major moisture source for subsequent MJOs. Ruppert and Johnson (2015) used high-time-frequency sounding and radar measurements from DYNAMO to describe the diurnal cycle of shallow convection during the suppressed phase (SP) of the MJO. They found that daytime convective-cloud deepening and moistening of the lower troposphere was promoted by a combination of daytime increased sea surface temperature (SST) and reduced large-scale subsidence. The importance of such upper-ocean ''diurnal warm layers'' for invigorating convection has also been noted by others (Chen and Houze 1997; Sui et al. 1997; Bellenger et al. 2010; Johnson and Ciesielski 2017) . Ruppert and Johnson (2016) conducted large-eddy simulations of this regime to investigate the specific influences of diurnal changes in SST and large-scale subsidence, wherein they parameterized subsidence using the weak temperature gradient (WTG) scheme of Herman and Raymond (2014) . Through similar simulations, Ruppert (2016) found that this diurnal cycle of shallow convection drives greater daily mean precipitation, convective heating, and rising motion than would otherwise occur, in turn accelerating the local onset of deep convection. Given the potential importance of such a diurnal time-scale feedback, there is an imperative to resolve the driving mechanism(s) for diurnal changes in large-scale vertical motion. The hypothesis of Johnson (2015, 2016 ) that this diurnal cycle was remotely forced by the ITCZ will be tested herein.
A significant component of the DYNAMO observational network involved an enhanced network of upperair sounding sites over the central IO (Fig. 1 ) composed of two quadrilateral arrays-one north and one south of the equator-referred to as the northern and southern sounding arrays (NSA and SSA, respectively). During the special observing period (SOP) of the experiment (1 October to 30 November 2011), these sites took 4-8 soundings per day. In this study we make use of this dataset to investigate the diurnal cycle of convection during the suppressed phase of the October MJO in which ITCZ convection was located across the SSA. This paper is organized as follows: section 2 describes the data products used in this study, section 3 focuses on the mean and diurnal characteristics of convection and the attendant flow fields during this period, section 4 explores radiative and convective influences on the ITCZ circulation, and section 5 summarizes the results.
Data and analysis procedures
Gridded analyses of large-scale fields were used on a 18 grid with 25-hPa vertical and 3-h temporal resolution covering the domain 208N-208S, 358 -1558E. These fields, constructed using multiquadric objective analyses (Nuss and Titley 1994) , are referred to here as the CSU V3b (Colorado State University version 3b) gridded product. Input to these analyses came primarily from quality-controlled, bias-corrected, high vertical-resolution sounding data (Ciesielski et al. 2014a island and flow blocking effects on Colombo sounding data (Ciesielski et al. 2014b) due to the mountainous terrain of Sri Lanka. While sites in the SSA took 3-hourly soundings during the SOP (Fig. 1) , the Malé and Colombo sites generally had soundings every 6 h (at 0000, 0600, 1200, and 1800 UTC). To generate a 3-hourly frequency at these latter sites, that is, to create pseudo soundings at 0300, 0900, 1500, and 2100 UTC, a linear interpolation was made between the 6-hourly soundings. To test the accuracy of this approach, the same procedure was carried out at Gan, where 3-hourly soundings were actually taken. Comparison of interpolated soundings with actual soundings indicates an estimated uncertainty of the time-interpolated fields of 0.58C, 0.5 g kg 21 , and 1 m s 21 for temperature, specific humidity, and wind speed, respectively. In creating the gridded analysis product, the sounding data were supplemented with satellite-derived winds, scatterometer surface winds, and radio occultation-derived thermodynamic fields. ECMWF operational analyses (OA) were used to augment the objective analyses in the large data void regions outside the core sounding array and when the Revelle and Mirai research vessels were offsite. However, for the regions and periods considered in this study, the ECMWF OA had little, if any, impact on the analyses within the sounding arrays. The ECMWF OA were also used for analysis of the velocity potential field, which covered a domain larger than the CSU V3b product. Additional details on the supplementary data sources mentioned above can be found in Johnson et al. (2015) .
Other datasets used in this study include columnaveraged (surface to 200 hPa) all-sky radiation estimates provided by the Clouds and the Earth's Radiant Energy System (CERES) product at 3-h resolution on a 18 grid (Wielicki et al. 1996) . Vertical profiles of longwave and shortwave heating rates over Gan Island (Fig. 1) for both clear and all-sky conditions were obtained from the Pacific Northwest National Laboratory (PNNL) Combined Retrieval (CombRet) product (Feng et al. 2014) . Combining the all-sky and clear retrievals gives us an estimate of the cloud radiative forcing (CRF). Satelliteestimated rainfall data were from the TRMM 3B42 V7 product at 0.258, 3-h resolution (Huffman et al. 2007 ). Radar rainfall data from the Mirai, Revelle, and Gan-SPol at 10-min resolution covering a 320 km 3 320 km domain at each site were obtained from the DYNAMO legacy data archive and averaged into 3-hourly bins to facilitate comparison with other datasets at this temporal resolution. In addition, radar-derived stratiform rain fraction (SF), with categorization into rainfall type described in Powell et al. (2016) , was available at the Mirai. Here SF was computed as (stratiform rain/total rain), where stratiform rain did not include any contributions from the isolated convective cells and uncertain categories. As a result, the SF values to be shown are lower by ;20% than those reported in earlier studies (e.g., Xu et al. 2015) , but their diurnal trend is similar if contributions from these other ''less certain'' stratiform categories are included.
For the results to be shown, we define the columnintegrated diabatic heating following Yanai et al. (1973) as
where ,(). is the vertical integral from the tropopause pressure level p T to the surface pressure p S , Q 1 the diabatic heating, Q conv the convective heating, S the surface sensible heat flux, P o the surface precipitation, L the latent heat of vaporization, and Q r the net (shortwave 1 longwave or SW 1 LW) radiative heating rate. Terms in (1) have the units of watts per meter squared, but for display purposes they are multiplied by the factor g/[c p (p S 2 p T )] to present them in units of kelvins per day, where g is the acceleration of gravity and c p is the specific heat of dry air at constant pressure.
Results

a. Rainfall characteristics during the DYNAMO SOP
The SOP rainfall time series averaged over each sounding array is shown in Fig. 2 along with the real-time multivariate MJO (RMM) index (Wheeler and Hendon 2004) . This index identifies 25 days (highlighted with light green shading) during the SOP as suppressed (phases 5-8) over the IO. While rainfall was light over the NSA during these SPs, the MJO active phases (1-3) FIG . 2. Time series of 3-day running mean TRMM 3B42 rain rate (mm day 21 ) averaged over the NSA (black) and SSA (red). Light green shading denotes suppressed periods of the RMM index from 5 to 8. The focus of this study is on the October suppressed period when ITCZ convection was located over the SSA with suppressed conditions and little rainfall over the NSA. The R/V Revelle was off-site from 29 October to 10 November. The RMM MJO index is shown along the bottom of the figure.
were characterized by heavy rainfall over both arrays . Of these 25 suppressed days, 14 occurred prior to the October MJO active phase, with 11 prior to the November active phase. The associated TRMM rainfall maps for these two periods are shown in Fig. 3 . While the October SP was characterized with a single well-established ITCZ band extending across much of the IO south of the equator, convection during the November SP was less organized, with a zonally elongated band of convection south of 108S and scattered convection west of 708E. Roughly the first half of the November SP also had a degraded sounding network with the Revelle being off-site until 10 November (Fig. 2) . Since the rainfall maximum during the October SP laid across the SSA, this 14-day October period will be the focus of this study, in which 3-h observations from the enhanced sounding network are used to examine the circulation structure and diagnostic fields associated with this ITCZ band of convection.
Another perspective on the convection during the SOP can be seen in Fig. 4 , which shows a time-latitude plot of rainfall and midlevel vertical motion, both averaged over the longitudes of the enhanced sounding arrays. While rainfall was strongly suppressed over the NSA during the October SP (also seen in Fig. 2 ), the SSA during this period was characterized with persistent midlevel upward motion and several (at least five) pulses of heavy rainfall at 3-4-day intervals with peaks on 2, 6, 9, 11, and 14 October. Near the end of the October SP, upward vertical motion and rainfall appeared to expand northward from the ITCZ band between 58 and 108S to a more equatorial position (Johnson and Ciesielski 2013; FIG. 3. (top) Rainfall map based on TRMM 3B42v7 product for the 14-day period from 1 to 14 October 2011. (bottom) As in the top panel, but for the 11-day period from 6 to 16 November 2011. Outline of enhanced sounding arrays is shown in magenta. The color scale for rainfall (mm day 21 ) is on the right. Xu et al. 2015) . Furthermore, the time-longitude plot of TRMM rainfall over the SSA (not shown) suggests, at times, a slight westward propagation of rainfall features within the ITCZ band consistent with the weak, but deep, easterly flow over this region (Fig. 5a ).
b. Mean flow characteristics of October suppressed period
Using the CSU gridded analysis product, north-south cross sections have been created of the mean circulation and diagnostic fields averaged from 728 to 808E during the October SP (Fig. 5 ). During this period, ITCZ convection was primarily situated between 58 and 108S (Fig. 3) . Deep easterlies were present in this zonal band (Fig. 5a ), potentially indicative of vertical momentum transport by deep convection. The other latitudes exhibit a first baroclinic mode structure with zonal wind reversals in the vertical, with westerlies (easterlies) underlying strong easterlies (westerlies) to the north and south, respectively, of the ITCZ. Reversals are also observed in the meridional winds ( Fig. 5b ), resulting in low-level convergence and upper-level divergence peaking near 78S (Fig. 5c ) and a broad region of deep rising motion between the equator and 118S (Fig. 5d) . A shallow meridional return flow from the Southern to the Northern Hemisphere was present near 500 hPa (Fig. 5b) . Similar shallow meridional circulations have been observed over the ITCZ in the eastern Pacific and in other monsoon regions (Zhang et al. , 2008 . On either side of the ITCZ, compensating sinking motion was present throughout the troposphere. Unlike idealized zonally symmetric models in which the ITCZ is coincident with converging low-level northerlies and southerlies (Hack et al. 1989; Schubert et al. 1991 ), here the low-level convergence resulted from a rapid deceleration of the southerlies with a portion of this flow extending beyond the ITCZ northward into the NH (Fig. 5b) . The ›u/›x term had no significant contribution to the low-level divergence field in the ITCZ region. The structures depicted here have the general characteristics of a local Hadley circulation with the primary focus of this study being the cross-equatorial cell.
The large-scale, upper-level flow during the October SP can be visualized in Fig. 6 , which shows the 200-hPa divergence and velocity potential field over an extended portion of the Eastern Hemisphere which includes the IO. Here the velocity potential x is computed from the ECMWF OA divergence field d shown in Fig. 6a using the relationship = 2 x 5 d. The minimum in x over the Indonesian/South China Sea region corresponds to a broad area of convectively disturbed weather and upper-level divergence. This pattern is distinct from the continental-scale Asian summer monsoon mode observed by Krishnamurti and Kishtawal (2000) , which had a strong diurnal signal centered over southern India. In Fig. 6b , the ITCZ region between 58 and 108S is characterized as a trough of lower x values. Divergent flow, which is perpendicular to isolines of x, was present within the ITCZ as a region of upper-level outflow. In addition, divergent flow associated with convection over Indonesia contributed to the strong upper-level easterlies seen in Fig. 5a over the NSA. While zonal winds contributed little to the low-level divergence pattern over the ITCZ (Fig. 5c) , at 200 hPa they account for a significant fraction (.50%) of the convergence observed over the NSA as surmised from the x pattern over this region (Fig. 6b) . Therefore, the ITCZ-related local Hadley cell over the IO during this period was not an isolated phenomenon, but rather its circulation was superimposed on that of the largescale east-west flow pattern depicted in Fig. 6 .
The associated apparent heating Q 1 and apparent drying Q 2 fields (Yanai et al. 1973 ) are shown in Figs. 5e and 5f. The large vertical separation between the peaks in Q 1 and Q 2 is indicative of vigorous deep convection within the ITCZ (Yanai et al. 1973) . Outside this region tropospheric deep cooling related to radiative effects and low-level moistening (negative Q 2 maxima) associated with shallow, lightly precipitating convection can be seen. Reasons for the double maximum in vertical motion (Fig. 5d ) and the heating field (Fig. 5e) within the ITCZ will be considered later. Finally, potential vorticity (PV) and its companion fields-absolute vorticity and potential temperature u-are shown in Figs. 5g and 5h. Layers of enhanced stability, indicated by a tightening of the vertical u gradient, result in regions of higher PV such as in the tropopause region (above 200 hPa) and south of 108S near 800 hPa, where a signature of the tradewind inversion layer can be seen (Schubert et al. 1995) . Advection of PV by the meridional wind resulted in regions near the equator where the condition for inertial instability was satisfied (f 3 PV , 0, where f is the Coriolis parameter; Stevens and Ciesielski 1986) . Also, the shaded region of PV in Fig. 5h represents a region in which latent heat released within the ITCZ resulted in a reversal in the meridional PV gradient, which satisfies the necessary condition for combined barotropicbaroclinic instability (Charney and Stern 1962; Eliassen 1983) . This instability can result in ITCZ breakdown (Nieto Ferreira and Schubert 1997; Wang and Magnusdottir 2005) and may offer a possible explanation for the 3-day pulses of the ITCZ convection seen in Fig. 4 . Using reanalysis datasets, Duvel (2015) found that reversals in the meridional gradient of PV around FIG. 5 . ITCZ period-mean (1-14 Oct 2011) latitudinal cross section averaged over 728-808E for (a) zonal wind field, (b) meridional wind field, (c) divergence, (d) vertical p velocity, (e) apparent heating, (f) apparent drying, (g) absolute vorticity (color) and potential temperature (contours with 5-K increment), and (h) potential vorticity. In Fig. 5h the shaded region represents the area where the meridional PV gradient is reversed, satisfying the Charney-Stern necessary condition for combined barotropic-baroclinic instability.
108S over the IO were the likely cause for instabilities that lead to tropical depression initiation. An alternative explanation for at least some of the pulses in ITCZ rainfall could be the presence of convectively coupled waves (Dias and Pauluis 2009) since westward propagating equatorial Rossby waves were observed over the IO during this October period Fig. 13 ).
c. Diurnal characteristics of convection and attendant flow during October suppressed period
We now leverage the eight per day sampling of observations during the October SP to examine the characteristics of the diurnal cycle. The diurnal cycle of TRMM rainfall was largely out of phase between the NSA and SSA during the October SP (Fig. 7a) . Over the SSA, rainfall peaked at 0500 LT with broad minimum between 1700 and 2300 LT. The diurnal rainfall range over the SSA was 4.7 mm day 21 , or about 50% of period mean rate of 9.7 mm day 21 . In contrast, the NSA was characterized by very light rainfall 2 with a broad morning minimum and weak evening maximum of ;1 mm day
21
. For context, on the remaining 47 SOP days (a combination of 11 convectively suppressed and 36 active days), rainfall over both arrays was similar with an overnight 0200 LT maximum and 1700-2000 LT minimum (Fig. 7b) . This is generally consistent with the findings of Sakaeda et al. (2017) , who found an early morning rainfall peak (0300 LT) over the central IO (their Fig. 1c ) based on 11 years of boreal winter TRMM rainfall data.
A latitudinal cross section of rainfall over the longitudes of the sounding arrays (728-808E, Fig. 8) for the October SP clearly shows large diurnal changes in rainfall over the ITCZ region, with peak rates decreasing from over 20 mm day 21 in the early morning to around 10 mm day 21 in the early evening. A small evening rainfall increase over the NSA was confined to within a few degrees of the equator. Using radar data from the two near-equatorial sites, Gan and Revelle, a comparison is made between the diurnal cycle of radar rainfall to that from TRMM at these sites for the October SP (Fig. 9) . The radar domains for these two sites lie outside the active precipitation area within the SSA. During this light rainfall period, TRMM substantially underestimated (by 30%-50% in the mean) radar values at both locations, consistent with the findings from previous studies (Xu and Rutledge 2014; Ciesielski et al. 2017) . The rainfall maximum at the Revelle occurred at 1400 LT in both estimates, with Gan having a relative maximum at 1700 LT and slightly higher peak at 0200 LT. The coexistence of both afternoon and nocturnal peaks in clouds and precipitation in the DYNAMO suppressed regimes was also noted by Ruppert and Johnson (2015) and Johnson and Ciesielski (2017, their Fig. 13b ). In the former study, it was argued that the afternoon-evening peak in rainfall (1400-1700 LT) is linked to locally warmer daytime SSTs (Bellenger et al. 2010 ), higher surface fluxes, and relaxed large-scale subsidence. The present study suggests that diurnal changes in the Hadley circulation (detailed next) were contributing to the afternoon rainfall peak. The nocturnal peak may be related to either propagating tides (Woolnough et al. 2004 ) and/ or diurnal radiative feedback mechanisms, such as those described by GJ77 and Randall et al. (1991) . The presence of the nocturnal peak at Gan and its absence at the Revelle suggests that regional differences in the thermodynamic state and/or the circulation existed between these sites during the October SP. Examination of these differences is beyond the scope of this study.
Associated with these diurnal rainfall variations, Fig. 10 shows the morning (0500-0800 LT) and evening (1700-2000 LT) vertical cross sections of several diagnostic fields. These times were chosen since analysis differences between them were most pronounced and generally correspond to the times of the diurnal rainfall extremes seen in Fig. 7a . Low-level (surface to 850 hPa) convergence in the ITCZ region and low-level divergence over the NSA weakened going from morning to evening (Figs. 10a,e) . This results in prominent diurnal pulsing in vertical motion (Figs. 10b,f) with much stronger rising (sinking) motion within the ITCZ (over the NSA) in the morning hours. Over the NSA, strong early morning subsidence gave way to weak subsidence in the evening hours and even slight upward motion, most notably between the equator and 28N, consistent with evening rainfall increase seen in Figs. 8 and 9. The diurnal amplitude of vertical motion over the NSA was ;1.0 hPa h
, which is about half that observed in the trade-wind environment during BOMEX (Table 1; Nitta and Esbensen 1974) . The corresponding apparent heating fields (Figs. 10c,g ) reflect this diurnal pulsing, with morning heating rates in the ITCZ region being nearly double those in the evening. A notable difference in the apparent drying fields (Figs. 10d,h ) is the deeper moistening signature in the evening hours over the NSA consistent with the relaxed subsidence during this time and reflecting the moistening effects associated with daytime growth of the cumulus cloud field (Ruppert and Johnson 2015) . This moistening is important in the transition from shallow to deep convection leading into the MJO convective phase (Johnson et al. 2015; Xu and Rutledge 2016) . In summary, these analyses depict a diurnally pulsing Hadley circulation that ran stronger in the early morning hours, resulting in peak rainfall in the ITCZ region during this time. This diurnal cycle is consistent with previous findings (GJ77; Hendon and Woodberry 1993; Deser and Smith 1998) . In addition, the daytime reduction in subsidence over the NSA within the subsiding branch of the cross-equatorial Hadley cell allowed shallow convection and associated moistening to deepen during the pre-onset stage of the MJO. 78S at 0500 LT, while low-level divergence peaked over the NSA a few hours on either side of this time (Fig. 11a ). As the low-level ITCZ convergence weakened going into the evening hours, low-level divergence over NSA weakened in concert. Tied to these low-level divergence changes through masscontinuity considerations, upward vertical motion peaked in the ITCZ in the early morning hours with a maximum in compensating subsidence over the NSA near this time (Fig. 11b) . Likewise, the minimum in upward motion in the ITCZ region from 1700 to 2300 LT, which is consistent with the diurnal timing of vertical motion during the convectively active periods in TOGA COARE (Sui et al. 1997 ; see Table 1 ), coincided with the period of weakest subsidence over the NSA. FIG. 10 . October SP-mean latitudinal cross section averaged over 728-808E for (a) divergence at 0500-0800 LT, (b) omega at 0500-0800 LT, (c) apparent heating at 0500-0800 LT, (d) apparent drying at 0500-0800 LT, (e) divergence at 1700-2000 LT, (f) omega at 1700-2000 LT, (g) apparent heating at 1700-2000 LT, and (h) apparent drying at 1700-2000 LT.
d. Longer-term context for October SP
As noted earlier, Zhang and Sodowsky (2016) identified 205 ITCZ events lasting 2 days or longer over the IO region (608-908E) using TRMM rainfall products from 1998 to 2013. Using the TRMM rainfall record for this same period, we examine whether convective conditions similar to the October SP were present in other years by averaging rainfall over the sounding array areas. Since the SSA to NSA ratio of 1:2:1 filtered daily rainfall was greater than 4 for each day during the October SP indicating persistent heavier rainfall over the SSA (Fig. 2) , we examine the diurnal cycle of rainfall on all days in which this threshold ratio was exceeded for six or more consecutive days over either of the arrays. Using these criteria, we identified 19 (95) cases with heavier rainfall over the NSA (SSA), with average length of these cases being 7.8 (8.8) days for the NSA (SSA). Considering the number of cases in each region and their average length, this translates into an occurrence rate for these conditions of 9.3 days yr 21 (or 2.5% of days) over the NSA and 52.3 days yr 21 (or 14.3% of days) over the SSA. Over the array with heavier rainfall, its diurnal cycle (not shown) is remarkably consistent to that seen in Fig. 7a , with a similar diurnal amplitude (;3.5 mm day
21
) and a maximum (minimum) at 0500 LT is present and is also similar to Fig. 7a with a morning (0800-1100 LT) minimum and slight peaks at 1700 and 0200 LT (not shown). While it is unclear from this analysis whether the array with the heavier rainfall contained an ITCZ, the strong diurnal cycle in rainfall in the active region and its out-of-phase relationship to the suppressed region suggests that a diurnally pulsing ''Hadley cell-like'' circulation, similar to that observed in the October SP, was present 15%-20% of the time over IO in this 16-yr record.
Radiative and convective influences on the ITCZ circulation a. Observations of deep-layer convective and radiative heating
To assess what mechanisms may be influencing the circulation features during the October SP and their diurnal changes, Fig. 12 examines the diabatic forcing fields, specifically, the diurnal variations in DL convective heating ,Q conv . and in all-sky column net radiation ,Q r .. Here ,Q conv . 5 ,Q 1 . 2 ,Q r . is computed using the CSU gridded analysis product and CERES Q r data, where ,(). is from 850 to 200 hPa yielding a DL average. 3 The parameter ,Q conv . varied within the ITCZ region from a maximum of ;5 K day 21 near 0500 LT to a minimum of 2.7 K day 21 at 2000 LT (Fig. 12a) . The 0500 LT peak in ,Q conv . is consistent with the timing of peak rainfall over the SSA (Fig. 7) . Over the convectively suppressed NSA, there was a slight uptick in ,Q conv . after 1100 LT. This increase, which maximized at ;0.5 K day 21 in the evening hours (1700-2000 LT), is particularly noticeable between the equator and 28N. North of the NSA, the larger midday increase in ,Q conv . was associated with deeper land convection over Sri Lanka and southern India. In comparison, the diurnal amplitude of ,Q r . was ;2 K day 21 at all latitudes (Fig. 12b) , with enhanced radiative heating due to cloud and moisture effects in the ITCZ region and stronger nighttime cooling both north and south of the SSA convectively active zone. Using a simplified zonally symmetric model, Raymond (2000) has argued that differential radiative heating between 3 Since CERES does not provide Q r estimates at 850 hPa, the CERES ,(). was from the surface to 200 hPa. However, integration of Q r from the surface to 200 hPa yields virtually identical results to integration from 850 to 200 hPa, as determined from radiative profiles from Gan Island during DYNAMO (Fig. 10 of Johnson et al. 2015). cloudy and clear regions, such as depicted in Fig. 12c , is sufficient to lead to an instability that results in a crosshemispheric Hadley circulation.
b. Possible factors influencing diurnal cycle of the ITCZ
Determining the detailed impacts of these forcing fields on the circulation would require numerical simulations that are beyond the scope of this study; however, we consider a related but important question: What processes control the diurnal cycle of vertical motion within the ITCZ circulation (as depicted in Figs. 10b,  10f , and 11b)? In a recent modeling study, Ruppert and Hohenegger (2018) found that the diurnal cycle of overturning motion associated with organized deep convection maintains approximate WTG balance (Sobel et al. 2001) . Specifically, they find that on scales up to O( 10 3 ) km (roughly the scale of the sounding arrays), the adjustment of the circulation toward WTG balance through propagating gravity waves occurs rapidly relative to the diurnal cycle. Here, we examine the degree to which WTG balance holds in relation to the daily mean and diurnal variation of the observed deep-layer vertical motion v obs during the October SP. GJ77 argued that the diurnal cycle of organized convection is driven by diurnal variations of overturning motion related to differential radiative heating between clear and cloudy areas. This argument, which essentially invokes WTG balance, is tested below.
WTG balance takes the form where v conv is the DL vertical motion due to convection, v r is the DL vertical motion due to radiative effects Q r , and the denominator is the DL atmospheric lapse rate. Given that lapse rate over the sounding arrays is nearly a constant in the vertical between 850 and 200 hPa (not shown), we limit our analysis to this layer and assume a DL lapse rate value of 20.054 K hPa 21 . To determine the DL WTG vertical motion associated with radiative effects, we use CERES ,Q r . values. Analysis of v r as a function of local time and latitude for the October SP can be seen in Fig. 13a . As expected, v r shows daytime rising motion and nighttime sinking motion in response to daytime shortwave (SW) heating and nighttime longwave (LW) cooling, respectively. Nocturnally enhanced subsidence is evident on either side of the ITCZ, with it being somewhat diminished over the NSA in comparison to that observed south of the ITCZ. To emphasize the regional impacts of Q r on the circulation, Fig. 13b shows v r as a deviation from its north-south (i.e., 158N-158S) mean at each local time. This analysis demonstrates that at all times of day the differential radiative warming resulting from the effects of clouds and enhanced moisture in the ITCZ supports the local Hadley circulation, consistent with the arguments of Raymond (2000) . Within the ITCZ, this analysis shows increased relative rising motion at midday due to locally enhanced shortwave heating (Fig. 12b ) with increased relative subsidence over the NSA and south of the ITCZ, where daytime radiative heating is weaker. Noteworthy in this deviation v r field is that the largest north-south gradient between the ITCZ and the NSA suppressed region occurred during the daylight hours. This is consistent with the analysis in Fig. 12c that shows the gradient in ,Q r . between 78S and 58N peaking during the daylight hours. While GJ77 suggested that the radiative gradient between disturbed and clear regions peaks at night, this is clearly not the case during the October SP.
To assess how WTG balance holds during the October SP, Table 2 compares daily mean DL WTG vertical motions to v obs within the ITCZ (58-88S) and the NSA (08-38N) regions. Here we include the effect of the horizontal temperature advection (hta) term v Á =T which, when normalized by lapse rate, yields v hta with units of hectopascals per hour. Indeed, from Table 2 we note that, compared to the other terms, v hta is considerably smaller, supporting the notion of WTG balance in the daily mean state. This conclusion is corroborated by the excellent agreement between v conv1 v r and v obs. Furthermore, the magnitude of v conv within the ITCZ highlights the importance of convection for the overall strength of rising motion in the ascending branch of the Hadley cell.
To facilitate an assessment of WTG balance within the diurnal cycle, Fig. 14 compares the diurnal variations of the WTG vertical motions with v obs for the ITCZ and NSA regions. Here the fields are shown as perturbations from their daily means given in Table 2 while v hta is not included because of its negligible diurnal amplitude in comparison to the other terms. First, considering the NSA region, we note that the reduction in subsidence v obs from 0500 to 1100 LT over the NSA correlates well with the decreasing subsidence produced by the v r field at this time. However, this consistency breaks down over the NSA, particularly between 1400 and 2300 LT when v obs and v r exhibit disparate trends, suggesting that processes other than radiation are playing a significant role. Over the ITCZ region, diurnal trends in the v r and v obs vertical motion fields are generally congruent. For example, the increase in v obs from 0200 to 0800 LT and its reduction of 1.5 hPa h 21 from 1100 to 2000 LT agree well with changes in v r over these hours. This correlation breaks down at other times, most notably from 0800 to 1100 LT, when v obs shows a weakening upward motion at a time when v r through SW heating effects suggest a strong opposite trend. A possible explanation for this discrepancy may be the effects of SW heating near cloud top, which would stabilize convection (Randall et al. 1991; Ciesielski et al. 2017 ) and reduce deep-column upward motion. The decrease in upward motion in v conv in the same timeframe supports this interpretation. The diurnal changes in v conv are also congruent with v obs . Overall, the good correspondence within the ITCZ (Fig. 14b) between the diurnal trends in total WTG vertical motion (black curve) and that observed (dashed curved) suggests that the diurnal cycle of overturning circulation is consistent with a rapid adjustment toward WTG balance. This diurnal cycle in circulation is driven both by diurnal changes in radiative heating and convective heating consistent with the findings of Ruppert and Hohenegger (2018) , who argue that the circulation in tropical organized convection likely maintains approximate WTG balance. To further explore the diurnal cycle of convection within the ITCZ, Fig. 15 shows the October SP-mean vertical structure of vertical motion and convective heating over the course of a day within the ITCZ (58-88S). In both fields there is a dramatic shift from early morning (0200-0500 LT) bottom-heavy profiles to daytime (0800-1700 LT) top-heavy profiles. This daytime shift to top-heavy vertical motion coincided with an increase in convergence around 400 hPa and a divergence increase near 200 hPa (Fig. 10e) . GJ77 noted this enhanced daytime midlevel convergence in the convective region and attributed it to diurnal changes in the midlevel horizontal pressure gradient related to SW heating in the upper clouds. The evolution of these fields suggests a transition from convective rainfall at night to more stratiform rainfall during the daytime hours. This diurnal evolution was generally similar to findings from previous field campaigns, for example, the 1978 Winter Monsoon Experiment (Houze et al. 1981; Houze 1982; Johnson and Young 1983) .
Since the Mirai (positioned at 808E, 88S) was on the edge of the ITCZ rainband during this period (Fig. 3a) , we use its radar data to analyze the rainfall and stratiform fraction for this location (Fig. 16) . The peak radarderived rainfall at 0500 LT and the evening minimum are consistent with the TRMM diurnal variability over the SSA shown in Fig. 7 . The dip in radar rainfall at 0800 LT was not seen in the TRMM rainfall (Fig. 7a) , suggesting that sampling issues may be present in this 14-day mean over the limited Mirai radar domain. The stratiform fraction (Fig. 16b) had a nighttime minimum, an increase near daybreak, and an early afternoon maximum generally consistent with the evolution of convective heating profiles shown in Fig. 15 . Despite the sampling limitations, these radar results corroborate the notion that the ITCZ convection during the October SP underwent a daily evolution from early morning bottom-heavy convective profiles to daytime top-heavy stratiform ones.
A contributing factor in the diurnal evolution of ITCZ convection observed in Figs. 15 and 16 is the effects of daytime SW absorption by clouds. For example, Fig. 17 shows the CRF for LW, SW, and their net (LW 1 SW) composited by local time of day for rain rates $10 mm day 21 based on data from Gan Island during DYNAMO (Ciesielski et al. 2017 ). This rain rate threshold was chosen as it roughly corresponds to the minimum rate within the ITCZ during the October SP (red curve in Fig. 8 ). The CRF fields in Fig. 17 are representative of ;18 days satisfying this rain rate threshold. At higher rain rates common within the ITCZ, the CRF signatures become more intense, as suggested by the CRF versus rain rates composites shown in Ciesielski et al. (2017, their Fig. 6 ). As seen in Fig. 17c , nighttime hours were characterized by a thin layer of strong LW cooling near 200 hPa with LW heating at low levels. In contrast, daytime conditions show a strong upper-level heating peak slightly below 200 hPa due to SW CRF effects. As noted in Feng et al. 2014 , these upper-level peaks in LW cooling and SW heating may in reality occur at a higher altitude due to undersampling of high clouds and cirrus in the CombRet product. Nevertheless, the localized maximum in radiative heating at midday over the ITCZ region apparent in Fig. 12b is focused in upper levels. At nighttime the prevalence of deep clouds in the ITCZ leads to locally enhanced LW cooling from cloud tops and warming in the lower to midtroposphere.
The finding that the rising branch of Hadley circulation adjusted rapidly toward WTG balance throughout the diurnal cycle provides a basis of support for the general hypothesis of GJ77 that diurnally varying differential radiation may directly drive circulation changes. While this important premise of GJ77 appears consistent with our analyses, other aspects of their argument appear deficient. For example, their notion that the radiative diurnal cycle is larger in the suppressed environment relative to regions of disturbed weather is not the case for the October SP. Figures 13b, 14 , and 17 reveal that daytime SW heating in the ITCZ region resulted in a larger radiative diurnal amplitude in convective regions (2.1 K day 21 ) relative to areas of suppressed convection (e.g., the NSA; 1.8 K day 21 ).
Furthermore, GJ77 hypothesized that an enhanced nighttime differential radiative gradient (largely due to nighttime LW cooling in suppressed regions) impacts the convective region through mass continuity. On the other hand, while a differential radiative heating gradient that promotes a mass circulation into the ITCZ exist throughout the course of the day, its amplitude is greatest during daylight hours (Fig. 12c) , suggesting that the strong CRF at upper levels ( Fig. 17b) is stabilizing the lapse rate so as to inhibit deep convection at that time (Kraus 1963; Randall et al. 1991; Xu and Randall 1995) .
While the precise reasons for the transition to daytime stratiform convection within the ITCZ are unclear from our analysis, the rapid adjustment of the circulation toward WTG balance in this region (Fig. 14b) suggests that the top-heavy SW CRF assists the daytime transition to a more top-heavy upward motion and Q 1 (Fig. 15) . Likewise, the LW CRF in the absence of SW effects at night supports a more bottom-heavy circulation and enhanced precipitation. The link between daytime topheavy vertical motion within the ITCZ and top-heavy shortwave heating was also found in radiative-convective equilibrium (RCE) simulations of the diurnal cycle of circulation and organized convection by Ruppert and Hohenegger (2018) . Their simulations additionally suggest that both lapse-rate effects and diurnal changes in the horizontal radiative gradient are important to the nocturnal enhancement of precipitation.
Summary and conclusions
During the SOP of the DYNAMO field campaign, conducted over the IO from 1 October to 30 November 2011, two prominent MJO events were captured by a sounding network that consisted of one array north and one array south of the equator, referred to here as the NSA and SSA, respectively. Sites in this network took 4-8 soundings per day during this period. Using this sounding dataset along with satellite observations of winds and thermodynamic variables, an objectively analyzed gridded product was constructed. Though supplemented with ECMWF analyses to describe the larger-scale flow features over the IO basin, the gridded fields within the sounding arrays were largely independent of any model influence. We augment this 3-h gridded product with CERES and CombRet radiative heating estimates (Feng et al. 2014) and observations of rainfall to investigate the diurnal cycle of convection during the SP of the October MJO event. While convection was suppressed over the NSA during this 14-day period, an ITCZ was present south of the equator and extended across the southern half of the SSA. Given this unique circumstance, the opportunity presents itself to examine the diurnal cycle of the ITCZ in the southern Indian Ocean (within the SSA) and its relationship to a mostly suppressed region adjacent to the ITCZ on the opposite side of the equator (the NSA), as well as determine cross-hemispheric interactions during the pre-onset phase of the MJO. The establishment of a sounding network during DYNAMO, straddling the ITCZ and with 3-hourly sonde launches, has provided the first-ever opportunity to directly observe the diurnal cycle of a local oceanic Hadley circulation.
The principal findings of this study are as follows:
d The circulation over the sounding arrays during the October SP could be characterized as a local Hadley cell embedded within a large-scale east-west upperlevel divergent outflow associated with convection over Indonesia. compensating subsidence over the NSA and poleward of the SSA. The rising motion within the ITCZ was associated with strong low-level convergence resulting from a rapid deceleration of the southerly flow, with a portion of this flow extending beyond the ITCZ into the NSA.
d Rainfall within the ITCZ exhibited a prominent diurnal cycle with a peak-to-peak amplitude ;50% of the mean (9.7 mm day 21 over SSA) and a 0500 LT (2000 LT) maximum (minimum). Over the NSA, light rainfall (mean ;1 mm day 21 ) was largely out of phase with SSA variation showing a broad morning minimum and peak rates from 1700 to 2000 LT.
d Divergent flow and vertical motion in the arrays indicate a prominent diurnal pulsing of the local Hadley cell corresponding with the diurnal cycle of the ITCZ. This diurnal pulsing is manifest in strong rising (sinking) motion over the ITCZ (NSA) in the early morning hours and a notably weaker circulation later in the day. The diurnal changes in the ITCZ circulation, while not in strict WTG balance, were consistent with a rapid adjustment toward this balance.
d Consistent with the rainfall pattern, diurnal variations in the diagnosed apparent heating Q 1 field over the SSA showed an early morning maximum with nearly twice the magnitude of the evening minimum. Apparent moistening rates over the NSA deepened vertically in the late afternoon/evening hours, reflecting a relaxed subsidence field during this time and the daytime development of the cumulus cloud field and its associated moistening effects.
d Vertical motion and Q 1 within the ITCZ exhibited a diurnal evolution from strong early morning (0500 LT) bottom-heavy (convective) profiles to weaker daytime top-heavy (stratiform) profiles. This convective transition is consistent with observations in prior studies (e.g., Houze et al. 1981; Houze 1982) and is likely assisted by enhanced SW absorption near the cloud top.
d Radiative heating in the ITCZ is characterized by topheavy daytime shortwave warming that is likely important for suppressing deep convection during the daytime by stabilizing the column (Kraus 1963; Randall et al. 1991; Ruppert and Hohenegger 2018 ). Yet this warming, which is localized to the ITCZ, also promotes the daytime evolution to a top-heavy circulation, and therefore likely helps to sustain stratiform convection into the afternoon many hours after the peak in deep convection. This finding supports the notion that horizontal gradients in radiation can drive diurnal changes in circulation, as first hypothesized (albeit in a different manner) by GJ77.
d As a secondary effect of the diurnally pulsing Hadley circulation, the daytime reduction of subsidence in the downward northern branch of the Hadley cell may have locally assisted the afternoon evolution from shallow to congestus clouds over the NSA connected with oceanic diurnal warm layers there, which have been linked to moistening of the low to midtroposphere during the pre-onset stage of the MJO (Bellenger et al. 2010; Johnson 2015, 2016 ).
While the above results are representative of the 14-day October SP, a similar but less robust Hadley cell circulation was observed (not shown) during the 11-day November SP when the ITCZ was generally south of the SSA. In the long-term TRMM rainfall record, conditions similar to the October SP with the appearance of a diurnally pulsing Hadley circulation were present 15%-20% of the time over the central IO. In addition, a recent study (Zhang and Sodowsky 2016) has shown that 55% of MJOs are initiated within 2 weeks of an ITCZ over the IO, such that the above results are likely applicable, to some degree, to the pre-onset conditions of many MJO events.
One of the objectives of this study was to utilize the high-frequency (3 h) DYNAMO observations to examine the role that different processes play in influencing the diurnal characteristics of a local Hadley circulation. Use of these observations with WTG arguments indicates that the diurnal evolution of both radiative and convective heating played an important role in controlling diurnal variations in vertical motion within the ITCZ. In contrast, over the convectively suppressed NSA, a poor correlation between observed and radiatively driven vertical motion, particularly from 1400 to 2300 LT, suggests that other processes (e.g., diurnal fluctuations in the low-level cross-equatorial flow, the influence of oceanic diurnal warm layers, and transient gravity wave activity) played a prominent role in affecting conditions within the descending branch of the local Hadley cell. While work is underway to understand the influence of these other processes, more definitive answers must await numerical simulations that can explicitly represent the higher-frequency transient aspects of the response to diabatic forcings within the Hadley circulation system (e.g., Silva Dias et al. 1987; Gonzalez et al. 2017 
